Sulfur-doped diamond-like carbon films (S-DLC) fabricated from C 2 H 2 and SF 6 mixtures were used to study the effects of sulfur content and negative pulse bias voltage on the deposition and tribological properties of films prepared by plasma-based ion implantation (PBII). The structure and relative concentration of the films were analyzed by Raman spectroscopy and Auger electron spectroscopy. Hardness and elastic modulus of films were measured by nanoindentation hardness testing. Tribological characteristics of films were performed using a ball-on-disk friction tester. The results indicate that with the increasing sulfur content, the hardness and elastic modulus decrease. Additionally, by changing the negative pulse bias voltage from 0 kV to −5 kV, the hardness and elastic modulus increase, while the friction coefficient and specific wear rate tends to decrease. Moreover, at a negative pulse bias voltage of −5 kV and flow-rate ratio of 1 : 2, there is considerable improvement in friction coefficient of 0.05 under ambient air is due to the formation of a transfer films on the interface. The decrease in the friction coefficient of films doped with 4.9 at.% sulfur is greater under high vacuum (0.03) than under ambient air (>0.1).
Introduction
Diamond-like carbon (DLC) coatings are metastable amorphous films that exhibit unique combinations of properties such as high hardness and elastic modulus, low friction coefficients, optical transparency, good wear resistance, and excellent corrosion resistance. Thus, these films are commonly applied as wear-resistant protective coatings in the magnetic storage, automobile, tooling, and biomedical industries [1] [2] [3] . Several techniques for creating DLC films include: magnetron sputtering deposition (MSD), ion beamassisted deposition (IBAD), plasma-assisted chemical vapor deposition (PACVD) or plasma-enhanced chemical vapor deposition (PECVD), plasma-based ion implantation (PBII), and others [4] [5] [6] [7] . However, DLC films have no sufficient friction endurance and friction coefficient depending on their application environment. In order to tackle these problems, the films could be modified by incorporation of elements, such as fluorine, silicon, and various elements.
Plasma-based ion implantation (PBII), also known as plasma immersion ion implantation (PIII), was initially developed by Conrad and Castagna [8] in 1986. PBII has been developed to improve the properties of DLC films [9] . In this technique, samples are immersed in plasma and biased to a negative potential. A plasma sheath then forms and accelerated ions bombard the exposed surface of the samples. This is a relatively new technique that has been shown to be an effective for surface modification [10] . Additionally, PBII is uniquely advantageous. Notable advantages include: low working temperature less than 100
• C, which avoids the film quality degradation such as loose and rough surface structure, and the DLC graphitization caused by normal chemical vapor deposition and plasma laser deposition, which are performed at higher working temperatures [11] and high ion energy (implanting voltage), which is helpful to transfer sp 2 bond to sp 3 bond ones, as a result of DLC films rich in sp 3 bond and thus of high hardness and good tribological properties [12] .
Previous studies have shown that the tribological properties of the DLC films are strongly dependent on the nature of the films and deposition methods and conditions, and they are very sensitive to the testing environment [13] [14] [15] . In earlier studies byFreyman et al. [16] , it was shown that the hydrogenate carbon films doped with 5% sulfur have low friction coefficient (<0.01) under ambient air with relative humidity. Together with the results ofTagawa et al. [17] , it was shown the hydrogenated carbon films have low friction coefficient in humid air. Friction coefficient and friction endurance of films were more excellent under high vacuum than under ambient air [18] . Moreover, bond strengths in diatomic molecules indicate that C-S bonds is high, which should result in an ultra-low friction coefficient [19] .
In this paper, Plasma-based ion implantation (PBII) was utilized to prepare sulfur-doped DLC films (henceforth denoted as S-DLC films) using acetylene (C 2 H 2 ) and sulfur hexafluoride (SF 6 ) as precursors. The deposition was performed as a function of C 2 H 2 : SF 6 ratio at a deposition pressure of 2 Pa. The aim of this study was to investigate the effects of sulfur content and negative pulse bias voltages on the deposition and tribological properties under ambient air and high vacuum of the films. Film properties were investigated by Raman spectroscopy, Auger electron spectroscopy, nano-indentation hardness tester and ball-on-disk friction tester.
Experimental Details
A schematic representation of the PBII apparatus used is shown in Figure 1 . The inner dimensions of the vacuum chamber are 600 × 630 × 200 mm 3 , with residual pressure of about 1 × 10 −4 Pa. The plasma was generated by a radio frequency (RF, 13.6 MHz) glow discharge and a negative high voltage pulse power supply that is connected to the sample holder. This PBII apparatus can alternate between implantation and deposition. Thus, by optimizing the PBII processes and the corresponding parameters, various modified layers or coatings can be prepared.
Si (100) wafers, 0.7 mm thick, were used as substrates. The wafers were sputter cleaned with Ar + for 20 min to remove surface contaminants and surface oxides using a negative pulse bias voltage (henceforth denoted as a bias voltage) of −10 kV. Using a bias voltage of −20 kV, the DLC film interlayer was first deposited with CH 4 for 60 min to improve the adhesion between the film and the substrate. The S-DLC films were deposited from gaseous mixtures of C 2 H 2 and SF 6 (Acetylene and sulfur hexafluoride) at three different ratios (henceforth denoted as a C/S flow-rate ratio), 1 : 2, 1 : 1, and 2 : 1. The bias voltage was set to different values, 0 kV and −5 kV, at an RF power of 300 W. The pulse frequency was set to 1 kHz at a pulse width of 5 μs and a pulse delay of 25 μs, respectively. The deposition pressure was set to 2 Pa and total deposited thickness of the films was approximately 500 nm. The deposition conditions for the S-DLC films are listed in Table 1 . For comparison, PBII was utilized in preparing the DLC films (henceforth denoted as a CH-DLC film) using C 2 H 2 as precursor gas. The deposition conditions were similar to the S-DLC films conditions mentioned earlier. Additionally, magnetron sputtering was utilized to prepare the DLC film (henceforth denoted as a DLC-SP film) on silicon (100) substrates using C (graphite) as a target, at 3 Pa chamber pressure. 500 W of RF power was applied to the C target and Ar + was used as sputtering gas. The film thickness for both films was also set close to 500 nm.
The structure and relative concentration of films were analyzed using Raman spectroscopy (JASCO NRS-1000 DT, beam diameter = 4 um, and wavelength = 532 nm) and Auger electron spectroscopy. The hardness and elastic modulus of films were measured by a nano-indentation hardness tester. We used a pyramid diamond tip (Berkovich-type) with an indentation load of 300 μN. The internal stress was determined by measuring the film curvature by means of stylus profilometry and by applying Stoney's equation, as described in detail in the literature [20] . The tribological properties of the films were measured using a ball-on-disk friction tester (CSEM; Tribotester), which can be used for measurements under ambient air and high vacuum. In the friction test, a dry sliding test was carried out using a ball indenter, AISI440C (SUS440C, diameter of 6.0 mm) under a normal applied load of 3 N, rotation radius of 4 mm, linear speed of 31.4 mm/s, and 6000 frictional rotations. The tests were performed under ambient air and a high vacuum (1.0∼5.0 × 10 −5 Pa) at room temperature. The friction endurance of the films (film failure) was defined as the number of cycles (times) when the DLC film was just worn out, with a sharply increasing friction coefficient. In addition, the area of an abraded cross section of wear mark after friction tests was measured to calculate specific wear rate.
Results

Raman Spectra.
The Raman spectra obtained are shown in Figure 2 . The results show the Raman spectra of CH-DLC films, DLC-SP film, and S-DLC films, fabricated at various C/S flow rate ratios and bias voltages and deposited on silicon substrates. The position of G band is related to bond-angle disorder, or sp 3 bonding content, while the I D /I G ratio is proportional to the ratio of sp 2 /sp 3 [21, 22] . These two factors play the most important role in determining DLC-SP film/target; C/pressure; 3 Pa/RF power; 500 W/gas; Ar the Raman spectra. In particular, the ratio of sp 2 /sp 3 is one of the most important factors governing the quality of the DLC films. Generally, the lower the ratio, the closer the properties of DLC films approach to diamond. From Figure 2 , the S-DLC films fabricated in this experiment show a broad spectrum composed of a D band (1.350 cm −1 ) and a G band (1.580 cm −1 ), which is similar to the peaks observed in conventional DLC films. The G peak of the S-DLC films shifts from 1.558 cm −1 (0 kV/2 : 1) to 1.569 cm
(0 kV/1 : 2), while the I D /I G intensity ratio increases from 0.77 to 0.91 with sulfur incorporation (or as the C/S flowrate ratio is decreased). For a bias voltage of −5 kV, the G peak shifts from 1.547 (2 : 1) to 1.555 (1 : 2), while the I D /I G intensity ratio increase from 0.70 to 0.82, as sulfur is incorporation. The microstructure changes result from sulfur incorporation, since the G peak position shifts towards higher, while the I D /I G intensity ratio increases. These results indicate an increase of number or size of graphitic domains [23] , that is, an increase of sp 2 bonds (sp 3 decreases) and the formation of sp 2 clusters. Additionally, microstructure changes occur with bias voltage changes from 0 kV to −5 kV. In fact, a greater fraction of sp 3 bonds can be obtained when the ion energy is enough for displacement of lowenergy sp 3 bonds. Meanwhile, when the mobility of atoms on the growing surface is enhanced by ion bombardment, the disorder of the C structure can be induced, resulting in sp 3 bonds which increase by increasing the ion energy. Both CH-DLC films and DLC-SP film also have a broad spectrum composed of a D band and a G band, similar to the peaks observed in conventional DLC films.
Surface Hardness and Elastic Modulus.
The hardness and elastic modulus from all samples are shown in Figure 3 . The figure shows the results from CH-DLC films, DLC-SP film, and S-DLC films calculated from a force curve obtained by the nano-indentation hardness test. Every value of hardness and elastic modulus was measured nine times, from which an average was obtained. When the penetration depth is below 5% of the film thickness, the hardness measurement is unaffected by the substrate [24] . Meanwhile, the maximum penetration depth of films in this paper was about 10% of the total film thickness. However, the influence of the substrate on the final hardness values is expected to be negligible, since both the substrate and film hardness are within the same order of magnitude. Moreover, for the softer films, the absence of piled up material around the indentation impressions suggests that there was no important constraint imposed on the plasticity in the film by the relatively harder, more undeformable substrate. From the Figure 3 , it is clear that the hardness and elastic modulus of the S-DLC films gradually decrease with sulfur incorporation that is, the C/S flow-rate ratio decreases from 2 : 1 down to 1 : 1 and decreases drastically for a ratio of 1 : 2. Additionally, both hardness and elastic modulus also decrease as the bias voltage changes from −5 kV to 0 kV. It indicates that too much sulfur content doping is not in order to maintain the high hardness and elastic modulus of the undoped DLC film, which is presented in Table 2 .
The hardness and elastic modulus of S-DLC films can increase values up to 14.8 GPa and 124.3 GPa with a bias voltage of −5 kV and a C/S flow rate ratio of 2 : 1 (slightly lower than that of the DLC-SP film). The increases in the film hardness and elastic modulus is believed to be partly due to the changes in the microstructure, as concluded from Raman analysis, that is, more formation of sp 3 clusters with decreases in sulfur content, such as from 4.9% to 2.9% sulfur at bias voltage of 0 kV, and bias voltage changes from 0 kV to −5 kV. This trend shows that the films gradually lose their DLC character with increasing sulfur content in the plasma. Additionally, for the DLC-SP film, the highest hardness and elastic modulus measured are approximately 15.5 and 171.7 GPa, respectively. This is due to largest formation of sp 3 clusters. CH-DLC films also show higher hardness and elastic modulus with bias voltage changes from 0 kV to −5 kV.
Friction Coefficient.
The friction coefficients of CH-DLC films, DLC-SP film, and S-DLC films measured under ambient air are shows in Figure 4 . The influence of the bias voltages on the friction coefficient of the S-DLC films was examined first (Figure 4) . The S-DLC films prepared with bias voltage of 0 kV had an unstable friction coefficient and failed easily during tests. The films prepared at a bias voltage of −5 kV are stable, have a relatively lower friction coefficient and longer friction endurance. The main reasons for the early failure of the films deposited at the low bias voltage of 0 kV were the lower hardness and elastic modulus, and higher internal stress of the films, which are presented in Tables 2 and 3 . The increased friction coefficient must be caused by the increased frictional force, which is the product of the contact area and the shear strength at the ball-film interface. In fact, the decreased film hardness and elastic modulus with bias voltage of 0 kV results in difficulty supporting the load, which can increase the contact area at the ball-film interface. Thus, with a decrease of film hardness and elastic modulus, the friction coefficient could tend to increase.
The specific wear rate of the S-DLC films is affected by the bias voltage. Since the S-DLC films prepared with bias voltage of 0 kV fail during friction testing, the wear resistance of the S-DLC films decreases. Additionally, the wear rate of the S-DLC films deposited with bias voltage of −5 kV is low, in the order of 1.7 × 10 −7 mm 3 /N·m at a C/S flow-rate ratio of 1 : 1, while the films with bias voltage of 0 kV are higher, in the order of 4.36 × 10 −7 mm 3 /N·m at the same C/S flowrate ratio. The wear rate decreases as the bias voltage changes from 0 kV to −5 kV.
The friction coefficient of the S-DLC film with the bias voltage of −5 kV, at C/S flow-rate ratio of 1 : 2, is relatively stable and demonstrates a considerable improvement in the tribological properties, with the friction coefficient of 0.05. It is speculated that the formation of a transfer films on the interface is always associated with friction reduction by S-DLC films, which is seen in Figure 5 micrographs of the SUS440C balls after 6000 rotations in the friction test. The transfer layer on the surface of the ball can effectively prevent direct contact between the S-DLC film and the ball and act as a lubricating layer resulting in very low friction and wear on both film and the ball. However, although the hardness and elastic modulus is low, the high sulfur incorporation number at C/S flow-rate ratio of 1 : 2 and transfer films were subject to give a lowest friction coefficient. This indicates that the friction coefficient of this film is affected by the sulfur incorporation more than the hardness and elastic modulus of films. Figure 6 shows the friction coefficient of the S-DLC films fabricated at a bias voltage of 0 kV under high vacuum at room temperature. This figure shows that the friction coefficients of S-DLC films have stable and low values, less than half of values measured under ambient air. In particular, the friction coefficient value at a C/S flow rate ratio of 1 : 2 under high vacuum was approximately 0.03. This shows a less than fourfold in the friction coefficient (0.13) and more than twofold in friction endurance compared with the values obtained under ambient air. Therefore, the decrease in the friction coefficient of S-DLC films is greater under a high vacuum than under ambient air, which is supported by the micrographs of SUS440C balls ( Figure 7 ) performed under ambient air and high vacuum. Because the friction surface in high vacuum is negligibly influenced by the effects of humidity and adsorbing gases, the friction force is strongly affected by sliding surface interactions. A carbon-sulfur bond is a high-energy bond; thus, if film transfer to ball surface was occurred, the sliding force would be low and stable because of the weak Van der Waals binding force between the transfer layer and film surface. However, the friction coefficient at a C/S flow-rate ratio of 2 : 1 does not show a significant increase in the friction endurance or decrease in the friction coefficient compared with the values obtained under ambient air.
From Figures 4 and 6 , shows that the S-DLC films doped with 4.9 at.% sulfur (C/S flow-rate ratio of 1 : 2) at bias voltage of 0 kV have friction coefficient of >0.1 and 0.03 under ambient air and high vacuum, respectively. This shows higher than friction coefficient (<0.01) of carbon films doped with 5% sulfur measured under ambient air with humidity of 50% byFreyman et al. [16] . The main reasons for the higher friction coefficient were the higher internal stress, and lower hardness >40% of the films, that is, the lower film hardness result in difficulty supporting the load, which can increase the contact area at the ball-film interface, as mentioned earlier.
The results from the DLC-SP film and the CH-DLC film are compared in Figure 6 . The significant differences observed under high vacuum between the high and low friction films could be explained by the surface interactions between the carbon-covered counterfaces. High hydrogen content in a film means that hydrogen atoms are covering the surface. This leads to weak Van der Waals interactions between the sliding surfaces. For lower hydrogen content, there are not enough hydrogen atoms to shield the strong interactions between the π-orbitals of the sp 2 carbon double bonds [25] . Thus, the lubricating role of hydrogen on the surface is now commonly accepted, with weak Van der Waals interactions accounting for the super low friction values [26, 27] .
From Figure 6 , in the case of the DLC-SP film, the film prepared using a graphite target leads to amorphous carbon a-C and at high sp 3 content tetrahedrally coordinated amorphous carbon ta-C, with very low hydrogen content (less than 10%) [28] . Therefore, the friction coefficient is high and failed easily during tests. In the case of the CH-DLC film deposited from only C 2 H 2 gas, the hydrogen content is very high (30%-40% (a-C:H type)) [29] . For the S-DLC films at C/S flow rate ratio of 1 : 2, the relative concentration values investigated by the AES test are; about 92.8% carbon, about 4.9% sulfur, and about 2.3% fluorine, such that the combined total of sulfur and fluorine is 7.2%. It is speculated that the hydrogen content of the S-DLC films is less than 30%, when considered and compared with the value from the CH-DLC film. The hydrogen content of the CH-DLC film deposited from C 2 H 2 gas is higher than S-DLC films deposited from C 2 H 2 and SF 6 gas mixtures. However, the friction coefficient of the CH-DLC film shows a higher value, and the friction endurance shows number of cycle shorter than S-DLC films (although higher hydrogen content). For the main reason, that the bond strengths in diatomic molecules data given in Table 4 [19] indicate that C-H bonds in the CH-DLC film are broken more easily than the C-S bonds in S-DLC films. 
Conclusions
Sulfur doped diamond-like carbon films (S-DLC) were prepared on Si (100) wafers by the PBII technique. The films were investigated in term of their structures, relative concentration, mechanical properties, and tribological properties by using Raman spectroscopy, Auger electron spectroscopy, nano-indentation hardness testing, and ball-on-disk friction testing. It was observed that by decreasing the C/S flowrate ratio from 2 : 1 to 1 : 2, the sulfur content of the S-DLC films increases, while the hardness and the elastic modulus decrease. Additionally, when the bias voltage changes from 0 kV to −5 kV, the hardness and elastic modulus increase, and the specific wear rate decreases, which is due to the increased ion energy. Furthermore, a bias voltage of −5 kV and C/S flow-rate ratio of 1 : 2 under ambient air shows a friction coefficient of 0.05, which is considerable improvement in the tribological properties. This is due to the formation of transfer films on the interface. The S-DLC films show lower friction coefficients and higher friction endurance under high vacuum than the CH-DLC films, which is because C-H bonds are broken more easily than C-S bonds. The DLC-SP films show high friction coefficients due to very low hydrogen content. The decrease in the friction coefficient is greater under a high vacuum than under ambient air.
